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Cross-Regulation by XylR and DmpR Activators of 
Pseudomonas putida Suggests that Transcriptional 
Control of Biodegradative Operons Evolves 
Independently of Catabolic Genes 
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Centra de Investigaciones Bioldgicas (CSICh Madrid 28006, Spain, 1 and Department of Cell and 
Molecular Biology. University of Umecl S-90 187 Umea. Sweden 2 
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The Pu promoter of the toluene degradation plasmid pWWO of Pseudomonas putida drives expression of an 
operon involved in the sequential oxidation of toluene and m- and p-xylenes to benzoate and toluates, 
respectively. Similarly, the/»o promoter of plasmid pVI150 controls expression of an operon of Pseudomonas sp! 
strain CF600 which is required for the complete catabolism of phenol and cresols. These promoters, which both 
belong to the v^-dependent class, are regulated by their cognate activators, XylR and DmpR, respectively. 
XylR and DmpR are homologous proteins, and both require aromatic compounds as effector molecules for 
activity. However, these two proteins respond to different profiles of aromatic compounds. The activity of each 
promoter in the presence of the heterologous regulator was monitored using lacZ and luxAB reporter systems. 
Genetic evidence is presented that the two activators can functionally substitute each other in the regulation 
of their corresponding promoters by binding the same upstream DNA segment. Furthermore, when 
coexpressed, the two proteins appear to act simultaneously on each of the promoters, expanding the 
responsiveness of these systems to the presence of effectors of both proteins. Potential mechanisms for the 
occurrence of evolutionary divergence between XylR and DmpR are discussed in view of the DNA sequence 
similarities among Pu, Po, and a third XylR-responsive promoter, Ps. 



Many strains of Pseudomonas species and related gram- 
negative bacteria are able to use a variety of unusual aromatic 
chemicals, including many xenobiotic compounds, as carbon 
sources (15). This ability is frequently determined by large, 
low-copy-numbcr plasmids that express one or more catabolic 
operons. The toluene degradation (TOL) plasmid, pWWO, of 
Pseudomonas putida mt-2 (3) and the pVI15() plasmid of 
Pseudomonas sp. strain CF600 (36, 40) are two prototypes. 
Plasmid pWWO encodes two operons (Fig. 1) as follows: the 
first codes for the oxidative transformation of toluene and m- 
and p-xylenes to the corresponding benzoate and toluates, 
respectively (upper pathway operon), and the second encodes 
the subsequent metabolism ot the carboxylic acids via a meta 
ring cleavage pathway to tricarboxylic acid cycle intermediates 
(lower pathway operon [ 1 5, 37]). The catabolic plasmid pVI 150 
encodes a single gene cluster, the dmp operon, for the catab- 
olism of phenol and cresols via hydroxylation and a subsequent 
meta cleavage pathway (Fig. I ). The Pu promoter of the upper 
TOL operon (7, 21, 25. 28) and the Po promoter of the dmp 
operon (39) are two examples of o^-dependent promoters. 
Their respective regulators, XylR and DmpR, activate tran- 
scription from their cognate promoters upon exposure of the 
cells to distinct pathway substrates (2, 41), such as m-xylene in 
the case of XylR and phenol in the case of DmpR. These two 
proteins belong to the NtrC family of transcriptional activators, 
members of which are composed of distinct functional domains 
in a fashion reminiscent of that found in eukaryotic enhancer- 
binding proteins (32). Despite regulating expression of fune- 
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tionally different operons and being responsive to distinct 
effector profiles, XylR and DmpR are remarkably similar 
throughout their entire sequences (39), suggesting a common 
evolutionary origin. This homology has permitted us to exper- 
imentally address one question concerning the acquisition of a 
transcriptional control by degradative pathways, namely, 
whether regulators and the cognate DNA sequences to which 
they bind are recruited by catabolic systems together or 
independently. Our results clearly show that XylR and DmpR 
can efficiently cross-activate each other s promoter in spite of 
the different organizations of the Pu and Po regions. These 
data support the idea that genes for o^-dependent activators 
may have evolved along with discrete binding sequences as 
regulatory modules that end up controlling transcription of 
unrelated pathways. 

MATERIALS AND METHODS 

Strains, plasmids, and general procedures. The relevant 
strains and constructions used in this work are listed in Table 
1. Recombinant DNA methods were carried out according to 
published protocols (27). Predetermined deletions at the Pu 
promoter region were introduced through site-directed mu- 
tagenesis (26) and were confirmed by DNA sequencing. Trans- 
poson vectors carrying different insertions were integrated into 
the chromosomes of target bacteria, as described elsewhere 
(8). Broad- host-range plasmids were introduced into Pseudo- 
monas strains by electroporation (41) or by mobilization from 
Escherichia coli by triparental matings (8) with the helper 
strain E. coli HB101 (RK600). 

Activity assays. 3-Galactosidase (3-Gal) levels in cells per- 
meabilizcd with chloroform and sodium dodecyl sulfate were 
determined (29). The linearity of the (3-Gal assays within the 
range of cell densities and the times of reaction with o-nitro- 
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FIG. 1. (A) The regulatory cascade of the xyl genes in the TOL 
plasmid pWWO, In the presence of upper pathway substrates like m~ 
xylene, the upper operon promoter Pu and the xylS promoter ft are 
activated by XylR (22) in combination with <r M -RNAP. Subsequently, an 
excess of XylS product or XyiS bound to its effectors (i.e., substrates of the 
meta pathway) activates Pm. Note that there is no physical continuity 
between the upper and the meta operons (3, 15, 28). Below the scheme of 
the pathway, the Pu promoter region is expanded, showing the relevant 
Hanking DNA. This includes UASs for XylR, the sequences between - 12 
and -24 recognized by cr^-RNAP, and an IHF-binding site located 
within the intervening region. Upon binding this target DNA sequence in 
Pu, IHF induces a sharp DNA bend that brings into close contact the 
prebound o-^-RNAP and the activator protein attached to the distant 
UAS (7). Repeated DNA sequences within the UAS are indicated by 
arrows (7). The portion of the Pu sequence which displays maximum 
nucleotide sequence similarity to Po is shown as a horizontal hatched bar. 
(B) Regulation of the pVI150-encoded tlmp operon. The phenol- and 
cresol-responsive<tap/? gene product activates transcription of the diver- 
gentry traascribed dmp operon from the Po promoter. A subset of the 
dmp genes is involved in phenol hydroxylation, while the rest encode 
enzymatic activities of the meta cleavage pathway for dissimilation of the 
catechol intermediate. The C230 encoded by dmpB is homologous to 
other meta ring cleavage enzymes (12, 18). The Po promoter region is 
expanded below the scheme of the dmp pathway. Relevant portions of the 
sequence are pinpointed, including a long imperfect inverted repeat, the 
region of homology to Pu. and a potential IHF-binding site (39). (C) DNA 
sequence homology among the upstream regions of fti, Po y and ft. The 
sequences on the top align the regions of maximum nucleotide sequence 
similarity found in Pu. Po, and ft, the last being the other XylR- 
dependent TOL promoter (see above). The same sequences are shown 
below as imperfect inverted repeats, and the numbers of matching bases 
between the different promoter regions are indicated. 



phenyl-p-D-galactopyranoside (ONPG) were verified in all 
cases. Data for (J-Gal activity are the averages of duplicate 
samples from a minimum of three independent experiments, 
values for which were within a variation of 15%. Light emission 
resulting from expression of the ItixAB genes was measured 



using an LKB Luminometer 1250 set at 1 V as described 
elsewhere (34). Data for light emission are the averages of 
triplicate determinations from two independent experiments 
that gave values that differed by less than 20%. The specific 
activities (in units per milligram of protein) of the dmpB- 
encoded catechoI-2, 3-dioxygenase (C2,30) of crude extracts 
were determined as previously described (33). Cells from 2 to 
40 ml of culture, depending on the optical density at 600 nm 
(OD (Mi ), were harvested, washed in ice-cold 0.1 M phosphate 
buffer (pH 7.4), resuspended in 250 u.1 of the same buffer, and 
then disrupted by sonication. Cell debris was removed bj 
centrifugation, and the supernatants were used as crude ex- 
tracts. The variability between duplicate determinations did 
not exceed 10%. 

Construction and chromosomal integration of Pu-lacZ. To 
faithfully monitor Pu activity, a monocopy gene dosage tran- 
scriptional lacZ gene fusion was constructed by first cloning a 
312-bp EcoRl-BamHl /^-containing fragment from pEZ9 
(7) in pBK16 (24). The resulting Pu-lacZ fusion plasmid, 
pBKloft/, was introduced by conjugation in a P. putida strain 
harboring a chromosomally located minitransposon that pro- 
vides homology to the sequences flanking the insertion in 
pBK16ft*. Double recombination between the plasmid and the 
minitransposon sequences results in the generation of a chro- 
mosomal Pu-lacZ fusion, which was readily identified by using 
vector selection markers (24). An equivalent insertion of a lacZ 
transcriptional fusion to PuMJAS (a Pu derivative from which 
the upstream activating sequences which span the binding site 
for XylR had been deleted) was made by cloning the EcoRl- 
Bamttl restriction fragment of pFH15 (Table 1) into the lacZ 
vector pUJ8 (6). The resulting PuAUAS-lacZ fusion was ex- 
cised as a 4-kb Notl fragment and cloned in the transposon 
delivery plasmid pUT/mini-Tn5 Sm (6) for further insertion 
into the chromosome of P. putida KT2442 as previously 
described (8). Irrespective of the method used, the chromed 
somal insertions with the lacZ constructs are organized such 
that the fusions are transcriptionally shielded upstream by the 
fl element and downstream by a strong T7 terminator. For 
XylR-DmpR competition assays, a transposon, mini-Tn5 
Xy\RIPu-lacZ (5). was used to generate a monocopy Pu-lacZ 
fusion identical to that described above but accompanied by a 
2.4-kb DNA segment of the TOL plasmid spanning the xylR 
gene expressed undeT the control of its native constitutive 

piOiiiOlCi' (5). 

Construction and integration of the Po-luxAB fusion. Activ- 
ity of the Po promoter in monocopy gene dosage was moni- 
tored through light emission resulting from expression of the 
luxAB genes of Vibrio haweyi. For this, we constructed a 
specialized Pseudomonas reporter strain in which a Po-luxAB 
reporter cassette was engineered as follows. A 2.8-kb 5a/l-to- 
Sma\ fragment from pVI360 (41), which carries a 478-bp Po 
promoter region (positions -477 to +2 with respect to the 
transcription initiation site) controlling expression of the pro- 
moterless luxAB genes, was cloned between the Sail and 
ZxoRV sites of pBluescript SK(+ ), in which an additional Notl 
site had been introduced in place of the Xhol site. The 
resulting construct allowed excision of the fusion as a 2.8-kb 
Notl fragment that was subsequently cloned into pUT/mini- 
Tn5 Sm (6) and inserted into the chromosome of P. putida 
KT2440 as described elsewhere (8). 

Induction conditions. The different P putida strains were 
grown overnight at 30°C in Luria-Bertani (LB) medium sup- 
plemented, when required, with adequate antibiotics to retain 
a plasmid of interest. The cultures were diluted 1:200 in the 
same prewarmed medium and were grown in duplicate with 
good aeration to an OD wl „ of 0.1 to 0.5, as indicated for each 
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Strain or plasmid 



E. coti K-12 
CC118 
CCI \8supF 
CCllSkpir 
S\7-l)<pir 
HB101 

P. putida 
KT2440 
KT2442 

KT2442AW*. fg. 

SF05 

SF05A 

207 

CNB3 

CF600 



Plasmids 
pUT/mini-Tn5 Sm 

pVT/PuMJAS 

pUT/Po-tux 

pVI360 
RK600 
pUJ8 

pUCI8 Not 
pVI36| 

pUC-DmpR 

pKT231 

pFH51 

pTKIV 

pEZ9 

pCG2 
pGC2Pu 

pFH15 

pBK!6 

pWPtilUAS 



TABLE 1. Bacteria and plasmids used in this study 
Relevant genotype and characteristic s) 



^m&W ^mg&aMphcA thH rpsErpoBa^E(Am) recAl 
CU 18 with a chromosomal insertion; mini-Tn5 Cm supF 
CCI 18 rysogenized with Xpir phage 

Tp' Sm r recA thi ttsdRM* RP4::2-Tc::Mu::Km Tn7 Xpir phage Ivsoeen 
Sm recA thi pro leu hsdRM* (E. coti K-12/£. coti B hybrid) 

Prototrophic; reference strain 
Prototrophic; RiF derivative of KT2440 

^BKl^ 442 inSCrted Wilh 3 ° NA SCSment homol0 8° us to lhe inking sequences of 

KT2442 with chromosomal insertion; flSm/Sp Pit-lacZ 

vV^l w ?!! c J ,romosomal insertion; mini-TnJ Sm/Sp PitUIAS-UicZ 

KT7440 with chromosomal insertion; mini-TnJ Sm/Sp Po-litiAB 

KT2442 with chromosomal insertion mini-Tn5 XyWPu-iacZ 

^S^ZS^^^ pIasmid pV,150; Hg ' ; growlh on phenols and creso,s as the 

Ap' Sm;/Sp'; R6^nK RP4onT. mini-Tn5 Sm transposon vector delivery plasmid 
Ap' Sm r ; KbKonV R?4oriT, pUT/mini-Tn5 XylR//£-brZ * 

^m^^^^ ? ~ UT/min !- Tn5 Sm insert <* the 4-kb No* fragment of 
puJ/?«<W/tf; Pu&MS-tacjL transcriptional fusion 

SmVSp'; R6fc>/iK; RP4onT; P UT/mini-Tn5 Sm inserted with a 2.8-kb Natl fragment 
containing Po-luxAB fusion »«g»icm 
Ap r ; PoAmAB reporter plasmid 
Cm r ; CoIEloriK; RK2mob+ tra* 

Ap r ; tipJacZ promoter probe vector, UxcZ fusion sequence flanked by Noil sites 
Ap , multiple cloning site vector; porylinker flanked by Not\ sites 

pvnTo fiene d ° ned in rhe tcoRV site of pBS( + > 35 a 4 - Vkb Sma 1 fra s mem f ™ 

Ap r ; DmpR gene cloned as an EcoRl-Kpn\ 4.4-kb fragment of pVI36l in pUCI8Not 
Km Sm'; broad-host-range plasmid (RSF10I0 derivative) 

Pg^J j~| w ! t *|j * as « 4.4-kb firoRK&mHI fragment from P UC-Dm P R 
^"K 1 m ^ d w ' th " a 2.4-kb fragment of TOL plasmid pWWO 
^SSr 3 2 ' bP EwRI * wHI fra g™ nl spanning the entire Pu 

Ap r ; ColElon; Mi.V>n; vector for site-directed mutagenesis 
p~"c e W,,h "* 3I2 bP EmR,& "" Hl fragment of pEZO inCurtm: ,he ft, 

A tS toK ^X £f " RI si,e crca,cd by si,e - direc,ed mu,a8enesis a « 

^eje^*"* Pn,m ° ter Pr0be VeC, ° r ' "'^ ^PP^'We amber coduns in aadA and facZ 

in^ni^ KJ "." , . SU "'-u f hh , lhc Ec«RI-&,»,HI fragment of pEZ9 

Ap . pUJS .nscrted win the 2(W-hp EroRI-flnmHI fragment of P FH15 containing PvZuaS 
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experiment. Subsequently, cultures were exposed to saturating 
vapors of the XylR effector (toluene or xylenes) and/or to a 
final concentration of 2.5 mM DmpR effectors (phenol or 
cresols) Under these conditions, the concentration of effector 
molecules was found to result in maximum activation of each 
of the reporter systems used. The cultures were then further 
grown as specified in each case, and aliquots were sampled at 
the indicated time points. 

RESULTS 

XylR and DmpR can replace each other for the activation of 
their cognate promoters. To determine whether the similarity 
between the XylR and DmpR regulators was sufficient to 
detect some level of cross-regulation between their respective 

USCd thc rcporrer slrain * P ulida 270 (Putida 
n "T'"™ Sm Po iltxAB ^ w hich contains a chromo- 
somal Po-tux.4B fusion. This strain harboring either pTKI9 an 



RSF10I0 derivative which determines constitutive expression 
of the xylR gene from its own promoter, or pFH5I, an 
equivalent construct expressing dmpR from its native pro- 
moter, was subjected to induction assays with a range of 
substrates of the TOL upper pathway and the dmp pathway 
The data shown in Fig. 2 clearly demonstrate that the response 
of the Po promoter was totally shifted from TOL substrates to 
dmp substrates and vice versa by changing the regulator 
encoded by the resident plasmid/ This result is somewhat 
surprising because, in spite of the homology between the two 
proteins, the organization of the functional DNA elements 
within the Po promoter is different from that of the Pu 
promoter (Fig. I). To examine whether such responsiveness to 
the two regulators (and hence, to their respective effectors) 
was also true for the Pu promoter, we carried out an equivalent 
experiment with the reporter strain P. putida SF05 (R putida 
KT2442::mmi-Tn5 Sm Pu-lacZY which contains a transcrip- 
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FIG. 2. Cross-activation of the Po promoter by XylR. The drawing 
at the top (not to scale) illustrates the structure of the hybrid mini-Tn5 
element containing the transcriptional fusion Po-luxAB inserted into 
the chromosome (zigzag lines) of P. putida 270 used in the experiment. 
The Sm7Sp r selection marker of the hybrid transposon is indicated, as 
are the positions of the I and O ends of Tn5, the locations of 
transcriptional terminators (T, represented by circles on stalks) shield- 
ing the reporter system, and the directions of transcription of the Po 
promoter. For induction experiments, P. putida 270 cells harboring 
either pFH51 (dmpR ¥ ) or pTK19 (xW/? + ) were grown at 30°C in LB 
medium to an OD WK , of 0.5 and exposed either to saturating vapors of 
toluene and xylenes (XylR effectors) or to 2.5 mM phenol and cresols 
(DmpR effectors). The cells were left for a further 2 h and then 
assayed for light emission. The results are the averages of triplicate 
determinations performed on each of two independent cultures. Note 
that the only activator present in the strain is from the plasmid. 



tional PuAacZ fusion in its chromosome. As shown in Fig. 3, P. 
putida SF05 (pFH51*/m/?/? + ) accumulated 0-Gal in the pres- 
ence of phenol but not when exposed to m-xylene, while R 
putida SF05 (pTK19-*y//? + ) was nonresponsive to phenol but, 
as expected, was strongly induced by its native effector, m- 
xylene. Figure 3 also shows that under the conditions used, full 
Pu induction was more dependent on growth phase when the 
promoter was regulated by DmpR than when it was activated 
by XylR. 

The phenol-degrading pathway of Pseudomonas sp. strain 
CF600 is strongly induced by XylR in response to TOL 
effectors. To determine whether the cross-regulation of the Po 
promoter by XylR detected with the luxAB fusion would be 
significant under more physiological conditions, we directly 
examined the effect of XylR on the expression of the phenol- 
degrading pathway of Pseudomonas sp. strain CF600. For this, 
we monitored the rfmpfl-encoded C2,30 activity resulting from 
expression of the 8th gene of the dmp operon. The response of 
Pseudomonas sp. strain CF600 (with and without the pTKI9 
[xylR*} plasmid) in the presence of different aromatic com- 
pounds was measured. The results, summarized in Fig. 4, show 
not only that XylR can substitute DmpR to make the phenol- 
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FIG. 3. Induction profile of the Pu promoter in response to DmpR- 
and XylR-specific effectors. The organization of the chromosomal 
insert containing the reporter Pu-lacZ transcriptional fusion of P. 
putida SF05 is indicated at the top. For the experiment shown, P. 
putida SF05 cells harboring either pFH5I (dmpR + ) or pTK19 (*y//T ) 
were grown to an OD (f0() of 0.5 and were subsequently exposed to 
either m-xylene vapor or 2.5 mM phenol as indicated. The course of 
p-Uai accumulation during subsequent growth was monitored for the 
next 16 h. 



degrading pathway responsive to toluene and m-xylene but 
also that under the conditions of the experiment, XylR can 
trigger expression of the products of the pathway to levels 
approximately fivefold higher than those elicited by the native 
DmpR regulator. Furthermore, Pseudomonas sp. strain CF600 
harboring pTK19-*y//? + was poorly induced by phenol, to 
about a third of the level of the same strain without the 
plasmid. This reduction is probably due to the nonproductive 
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FIG. 4. Expression of C2,30 activity by Pseudomonas sp. strain 
CF600 with and without a plasmid expressing the xylR gene. The 
relevant elements involved in the expression of the dmpB-CZ^O gene 
from the Po promoter of the dmp operon are summarized at the top 
(not to scale). Pseudomonas sp. strain CF600 cells alone (left) or 
harboring pTK19 (xylR*) (right) were grown to an OD^ of 0.1 and 
exposed to the aromatic effectors indicated in each case. The cells were 
then harvested at different time points and sonicated, and the resulting 
extracts were assayed for C2,30 activity as explained in Materials and 
Methods. 
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FIG. 5. Cuinduction of Pit in the presence of XyiR and DmpR 
effectors. The diagram at top represents the organization of the hybrid 
mini-Tn5 transposon inserted into the chromosome of P. putida CNB3. 
P. putida CNB3 cells either alone (left) or containing pFH51 (dmpR* ) 
(right) were grown to an OD ft00 of 0.5 and induced with m-xylcnc, 
phenol, or both, as indicated. The bar diagram represents the accu- 
mulation of (J-Gal after 16 h of exposure of the cultures to the different 
effectors. 



occupation by XylR of coincident or nearby DmpR target sites 
within the Po promoter (see Discussion). 

DmpR and XylR simultaneously activate the Pu promoter in 
response to phenol and m-xylene. Since an excess of xylR copy 
number with respect to that of dmpR repressed the induction 
of Po in response to phenol somewhat (see above), we asked 
whether coexpressed DmpR and XylR could influence Pu so 
that it could simultaneously respond to the presence of the 
effectors of both regulators. To examine this issue, we con- 
structed the reporter strain R putida CNB3 {P. putida 
KT2442::mini-TnJ Xy\R/Pu-lacZ) and introduced the pFH51 
(dmpR ' ) plasmid. The resulting strain was then subjected to 
the various conduction assays with wi-xylene and phenol as 
shown in Fig. 5. In this case, although the presence of the extra 
dmpR gene copies reduced the induction of Pu by m-xylene, 
the /*. puiidu CN33 {\tFH5l-dmpR 1 ) strain was simiiariy 
responsive to both effectors cither alone or in combination. 
Maximal expression levels were obtained only when the effec- 
tors of both regulators were present. 

DmpR and XylR recognize the same DNA region in Pu. To 
determine whether the observed cross-regulation effects were 
due to binding of DmpR and XylR to the same cognate DNA 
sequences within the upstream activating regions of their 
respective promoters, or alternatively, whether they were due 
to an activation phenomenon independent of DNA binding (as 
has been observed with other regulators of the family [20]), wc 
constructed isogenic P. putida KT2442 derivatives carrying 
Pu-iacZ fusions differing solely by the presence or absence of 
the upstream region known to be involved in XylR binding (1, 
7, 21). Each of these strains was then transformed with cither 
pTK19 {xylR * ) or pFH5i {dmpR 1 ) and subjected to induction 
assays with cither phenol or wi-xylene. As shown in Fig. 6, in 
the absence of the Pu region upstream from - 106 with respect 
to the transcription initiation site, the Pu promoter became 
totally nonresponsive, irrespective of the presence of activators 
and their effectors. This result suggests that cross-activation 
requires actual binding of either DmpR or XylR to target 
sequences located in the same upstream region of Pu. 
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FIG. 6. Requirement of UAS for activation of Pu by XylR and 
DmpR. The relevant portions of the Pu promoter segments included in 
the two iacZ elements inserted in the chromosomes of isogenic strains 
P. putida SF05 {PulacZ) and P. putida SF05A {PuAUAS-lacZ) are 
shown above the appropriate bar diagram. Strains SF05 and SF05A 
alone or harboring either pTK19 (xylR + ) or pFH51 (dmpR*) were 
induced overnight with w-xylenc or phenol as indicated in each case. 
Under all conditions tested, the activity of the PuWAS promoter was 
negligible. 



DISCUSSION 

Both XylR and DmpR belong to the NtrC family of tran- 
scriptional activators (23, 30, 39) which characteristically exert 
their action in concert with RNA polymerase containing the 
alternative factor ct 54 (cr 54 -RNAP). These two proteins are 
virtually identical in size (63.7 and 63.3 kDa, respectively) and 
share a high degree of sequence identity throughout their 
entire lengths (>67%). Maximum similarity (>79%) is found 
within the central domain, which is thought to interact with the 
polymerase (30, 32). The amino-terminal A domains, which 
span the leading third of the proteins, have been shown by 
genetic means to directly interact with the aromatic effector (4, 
41 ) and mediate inducer specificity. The A domains of DmpR 
and XylR share >64% similarity and can be swapped, thus 
completely shifting the effector specificity of the resulting 
chimeric activator (41 ). Despite the homology between the two 
regulators, the promoters they control transcribe different 
operons. The Pu promoter drives expression of a cluster of six 
cistrons involved in the bioconversion of toluene and m- and 
p-xylenes into benzoale and toluates, respectively (Fig. 1). The 
first functional gene of the upper TOL operon encodes benz- 
aldehyde dehydrogenase (14). On the other hand, Po directs 
transcription of a large polycistronic operon of IS genes in 
response to the presence of phenol or cresols (36, 42). The first 
genes of the operon encode the polypeptides of a multicom- 
ponent phenol hydroxylase (40). Therefore, the similarity of 
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the promoter regions does not extend into the first operonic 
genes. 

Although both Pu and Po belong to the o^-dependent class 
of promoters, comparative analysis of the corresponding re- 
gions reveals that they are also considerably different. There is 
no significant nucleotide sequence similarity downstream of 
the binding sites for the o 54 -RNAP at positions -12 to -24. 
Furthermore, the Pu promoter has a functional integration 
host factor (IHF)-binding site between positions -52 and -79 
which is absent (or placed elsewhere [Fig. 1]) in Po. However, 
a region of approximately 50 bp shows considerable sequence 
similarity between positions -124 and -175 of Pu and posi- 
tions -123 and -174 of Po (Fig. 1C). These regions are also 
homologous to a segment (-136 to -187) upstream of Ps, the 
other XylR-dependent TOL promoter (11, 19) (Fig. 1A). The 
homologous region in Pu, Po, and Ps has been shown, in the 
case of Pu, to include the binding sites for XylR, as revealed by 
in vitro (7) and in vivo (1) footprinting. 

The results shown in this paper demonstrate that XylR and 
DmpR recognize overlapping or nearby DNA sequences lo- 
cated within the same region of the Pu promoter and, most 
likely, within the Po promoter as well. Although we have not 
rigorously proven that the two activators recognize the same 
DNA sequence (see below), it is clear that the mutual inter- 
change for the activation of each other's cognate promoter is 
not just a residual cross-talk but is a significant and highly 
specific cross-activation. Both regulators affect the promoters 
at comparable levels in vivo, and, in at least one case (Fig. 4), 
XylR stimulates the production of the catabolic enzymes for 
the degradation of phenol to much higher levels than those 
afforded by the native DmpR regulator of the system. How- 
ever, as indicated by the results shown in Fig. 2 and 3, the 
operative binding of DmpR and XylR to both Pu and Po seems 
to be similar. In comparable situations, namely, those involving 
a chromosomal promoter-reporter fusion and the regulator 
cloned in an RSF1010 derivative, both Pu and Po respond to 
the two types of effectors (phenol and w-xylene) within the 
same range. An interesting observation resulting from the data 
shown in Fig. 4 and 5 is that when one of the two regulators is 
present at a gene copy number exceeding that of the other by 
about 20-fold (because of the plasmid vector used), the 
responses of both promoters to the low-abundance regulator 
are decreased. This may be due to the nonproductive occupa- 
tion of some of the promoter-UAS sequences by the unacti- 
vated regulator which is in excess. This is consistent with our 
previous observation that XylR can bind Pu regardless of the 
presence of its effector (1, 7). Additional support for the idea 
of nonproductive occupancy of :he promoters by unactivated 
regulators comes from the dual-effector induction experiment 
shown in Fig. 5. In this case, simultaneous exposure of 
coexpressed DmpR and XylR to effectors of both regulators 
resulted in the full activation of the Pu-lacZ reporter system. 
This result may simply reflect the net effect of Pa being 
occupied by a mixture of activated DmpR and XylR. Alterna- 
tively, there is the intriguing possibility that the activation is the 
consequence of formation of functional DmpR-XylR pairs. 

A question raised by our results is the precise nature of the 
DNA sequence recognized by XylR and DmpR. The 20- 
amino-actd helix-turn-helix motifs located at the carboxyl ends 
of the two proteins and thought to constitute the actual 
DNA-binding domains (30) have 16 residues in common (39). 
XylR and DmpR may, therefore, recognize similar, even 
identical nucleotide sequences. DNase I footprints with XylR 
span a relatively long region of the Pu promoter (7) which 
includes an inverted repeat of the sequence 5'-TTGANC 
AAATC-3'. However, although XylR binds with a defined 



pattern of interactions throughout the - 121-to — 178 region of 
Pu, the actual sequence recognized by XylR ultimately remains 
undefined. Shorter motifs appear repeatedly throughout the 
52-bp segment of maximum nucleotide sequence similarity in 
Pu, Po, and Ps (Fig. 1C), such as 5'-TTGNNCAA-3\ 5'- 
TTGAT-3', or 5'-CAAATC-3'. Interestingly, regardless of the 
sequence used as a reference for comparisons, Po systemati- 
cally resembles Pu and Ps to a greater extent than Pu and Ps 
resemble each other. These results support the idea that the 
regulators of the NtrC family (such as DmpR and XylR) have 
the potential to coevolve along with their target sequences as 
regulatory cassettes which can eventually be recruited by 
different operons. Perhaps the basic unit includes the activator 
gene constitutively and divergently expressed from the (in- 
dependent promoter that it regulates, as is the case with Po and 
Ps (Fig. 1). Other gene clusters could then come under the 
same regulatory control by simple acquisition of a properly 
positioned UAS. 

DNA and amino acid sequence comparisons among the 
members of the NtrC family of proteins (30) have revealed that 
their functional domains are arranged in modules, the most 
invariant of which is the central portion of the proteins thought 
to interact directly with the o^-RNAP. However, phylogenetic 
relationships among the leading amino-terminal domains (in- 
volved in signal reception) and the carboxyl-terminal domains 
(DNA binding) indicate that the functionally distinct domains 
have evolved quite independently of each other and of the 
central portions of the proteins. For instance, the C-terminal 
domain of NtrC is related to the factor for inversion stimula- 
tion (FIS protein) of E. coli (32). Unlike NtrC, however, the 
sequences of the carboxyl-terminal domains of XylR of P. 
putida and AlgB of Pseudomonas aeruginosa are much more 
similar than are their central domains, thus suggesting that the 
DNA-binding domains of these proteins (but not the other 
portions of the polypeptide) have the same and perhaps more 
recent origin within the Pseudomonas genus (30). These ob- 
servations imply that both coding and regulatory sequences 
must be shuffled among distant locations of the genetic com- 
plement during their evolutions divergence (9, 13, 16, 35, 38, 
43). 
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